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Chronic metabolic acidosis increases NaDC-1 mRNA and pro- vesicles prepared from animals with chronic metabolic
tein abundance in rat kidney. acidosis demonstrate increased Na1-dependent citrate
Background. Chronic metabolic acidosis increases, while al- uptake, whereas vesicles from alkali-fed animals demon-kali feeding inhibits, proximal tubule citrate absorption. The
strate no change in the rate of citrate uptake [8].activity of the apical membrane Na1/citrate cotransporter is
Pajor cloned a Na1/dicarboxylate cotransporter fromincreased in metabolic acidosis, but is not altered by alkali
feeding. a rabbit kidney cortex cDNA library (NaDC-1), which
Methods. Renal cortical mRNA and brush border mem- demonstrates many of the kinetic properties of the proxi-
brane protein abundances of sodium/dicarboxylate-1 (NaDC-1), mal tubule apical membrane transporter [9]. The pur-the apical membrane Na1/citrate transporter, were measured.
pose of the present study was to examine whether chronicResults. By immunohistochemistry, NaDC-1 was localized
metabolic acidosis and chronic alkali feeding regulateto the apical membrane of the proximal tubule. Chronic meta-
bolic acidosis caused an increase in NaDC-1 protein abundance NaDC-1 mRNA and protein abundance in rat kidney.
that was maximal in the S2 segment and that increased with The results demonstrate that chronic metabolic acidosis
time. Metabolic acidosis also increased NaDC-1 mRNA abun-
leads to an increase in renal cortical NaDC-1 mRNAdance, but this was first seen at three hours and correlated
abundance and apical membrane NaDC-1 protein abun-with the severity of the metabolic acidosis. Alkali feeding had
no effect on NaDC-1 protein or mRNA abundance. dance, while alkali feeding is without effect on NaDC-1.
Conclusions. Chronic metabolic acidosis increases renal
cortical NaDC-1 mRNA abundance and apical membrane
NaDC-1 protein abundance, while alkali feeding is without METHODS
effect on NaDC-1.
Animals
Experiments were performed using male Sprague-
Dawley rats (180 to 350 g). All rats were pair fed.Urinary citrate plays an important role in preventing
the formation of kidney stones. Approximately half of
Chronic acid ingestionpatients with frequent kidney stones exhibit low urinary
The basic diet consisted of 4% fat rat/mouse chowcitrate excretion [1]. In many of these patients, hypocitra-
(Teklad Premier Laboratory Diets, Madison, WI, USA).turia is attributable to metabolic acidosis [2, 3], excess
Animals were fed ad libitum for two days to allow themacid generation [4], or hypokalemia (decreased intracel-
to acclimate to the metabolic cages. After two days,lular pH) [5]. Citrate is freely filtered by the glomerulus
control rats were pair fed to rats receiving the same diet,and reabsorbed in the proximal tubule by an apical mem-
but with 0.28 mol/L NH4Cl added to their drinking water.brane Na1/dicarboxylate cotransporter [6]. Proximal tu-
bular citrate absorption is increased in metabolic acidosis Animals were sacrificed after 1, 2, 4, 7, and 14 days.
and is inhibited with alkali feeding [7]. Apical membrane
Chronic alkali feeding
Animals were placed in metabolic cages and allowedKey words: alkali feeding, citrate, proximal tubule, sodium/dicarboxy-
late cotransport, hypercitrituria. to acclimate on a synthetic diet consisting of 180 g casein,
200 g cornstarch, 500 g sucrose, 35 g corn oil, 35 g peanutReceived for publication September 29, 1999
oil, 10 g CaHPO4, 6 g MgSO4, 6 g NaCl, 8.3 g K2HPO4,and in revised form January 19, 2000
Accepted for publication January 25, 2000 and 10 vitamin fortification mixture (ICN Nutritional
Biochemicals, Cleveland, OH, USA) for two days. Sub-Ó 2000 by the International Society of Nephrology
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sequently, control rats receiving the synthetic diet plus and 0.05% Tween-20 in PBS for one hour and washed
6 mmol/kg body weight/day NaCl were pair fed with rats as discussed previously in this article. Bands were visual-
receiving the synthetic diet plus 6 mmol/kg body weight/ ized by enhanced chemiluminescence (Amersham, Ar-
day NaHCO3. This protocol allowed similar amounts lington Heights, IL, USA) and NaDC-1 protein abun-
of Na ingestion in control and experimental animals. dance quantitated by scanning densitometry (Molecular
Animals were sacrificed after seven days. In the present Dynamics ImageQuant Software, version 3.3). Signal
studies, we chose to examine alkali feeding rather than was measured as an integrated volume with correction
chronic metabolic alkalosis because the latter condition for a defined background. For blocking experiments,
is complicated by K deficiency, resulting in hypocitra- 10 mL of antiserum were incubated with 50 mg of fusion
turia. protein at 48C for one hour prior to exposure to the
nitrocellulose membrane. Antiserum directed against
Acute acid administration the rabbit sequence was used because at the time of the
Rats were gavaged with 2 mol/L NH4Cl (1 mL/100 g) studies, the rat amino acid sequence was not available.
as described [10]. Control rats were gavaged with similar A subsequent comparison of the rabbit peptide used as
volumes of 2 mol/L NaCl. immunogen to the published rat sequence revealed 55%
A 24-hour urine collection was obtained on the day identity. The antiserum works likely because it is poly-
before sacrifice from animals treated with chronic diets. clonal and recognizes many epitopes.
Urine was collected in the presence of thymol and 0.5 mL
12 N HCl to prevent bacterial digestion of citrate. All Deglycosylation
animals were anesthetized with Inactin (100 mg/kg body Forty micrograms of rat renal brush border membrane
weight), and kidneys were excised, weighed, and placed (BBM) protein were incubated in denaturing buffer
in ice-cold phosphate-buffered saline (PBS). Aortic (0.5% SDS, 1% b-mercaptoethanol) at 1008C for 10 min-
puncture was performed for arterial blood gas measure- utes and then deglycosylated in 0.05 mol/L sodium phos-
ments. phate, pH 7.5, 1% NP40, and between 500 and 1000 U
peptidyl N-glycanase F (PNGase F; New England Bio-Western blot
lab, Beverly, MA, USA) at 378C for one hour. Samples
Renal cortical apical membrane vesicles were pre- were analyzed by Western blot as described previously
pared by Mg21 aggregation as previously described [11]. in this article.
Dissected kidney cortex was homogenized in membrane
buffer [150 mmol/L NaCl, 50 mmol/L Tris-HCl, 0.4 Immunohistochemistry
mg/mL aprotinin, 0.4 mg/mL leupeptin, 4 mg/mL pep-
Rats fed control or acid diets for 14 days were anesthe-statin, and 1 mg/mL phenylmethylsulfonyl fluoride
tized with Thiopental (Trapanal; Byk Gulden, Konstanz,(PMSF)] at 48C with a Brinkman Polytron. MgCl2 was Germany), 10 mg/100 g body weight intraperitoneally,added to the homogenate to obtain a final concentration
and kidneys were fixed for five minutes by vascular perfu-of 15 mmol/L, and the homogenate was centrifuged at
sion through the abdominal aorta, as previously de-2500 3 g for 15 minutes (Beckman J2-21M). Supernatant
scribed [13]. The fixative consisted of 3% paraformalde-was removed. An additional MgCl2 precipitation was
hyde and 0.05% picric acid in a 3:2 mixture of 0.1 mol/Lperformed, and membranes were pelleted from the final
cacodylate buffer (pH 7.4, adjusted to 300 mOsm withsupernatant at 48,000 3 g for 30 minutes. Pellets were
sucrose) and 10% hydroxyethyl starch in saline (HAESresuspended in membrane buffer, and protein content
sterile, Fresenius AG, Germany). After five minutes, thewas assessed by Bradford. Forty micrograms of protein
fixative was washed out with 0.1 mol/L cacodylate bufferwere diluted 1:5 in 53 sodium dodecyl sulfate (SDS)
for five minutes. Coronal slices from the fixed kidneysloading buffer (1 mmol/L Tris-HCl, pH 6.8, 1% SDS,
were mounted onto thin cork plates and frozen in liquid10% glycerol, 1% 2-mercaptoethanol), boiled for 10 min-
propane cooled with liquid nitrogen. Five micrometerutes, size fractionated by SDS-polyacrylamide gel elec-
thick serial sections were cut in a cryostat and mountedtrophoresis (SDS-PAGE) on 7.5% gels, and electropho-
on chromalum/gelatin-coated glass slides.retically transferred to nitrocellulose. After blocking
Sections were pretreated with 3% carnation milk pow-with 5% nonfat milk and 0.05% Tween-20 in PBS for
der in PBS and then incubated with anti–NaDC-1 antise-one hour, blots were probed in the same buffer for one
rum in a humidified chamber at 48C overnight. Afterhour with polyclonal antirabbit NaDC-1 antiserum di-
repeated washes in PBS, sections were incubated withrected against amino acids 164-223 of the cytoplasmic
fluorescein isothiocyanate-conjugated swine-antirabbitdomain of rabbit NaDC-1 [12], at a dilution of 1:2500.
IgG (Dakopatts, Glostrup, Denmark). The sections wereBlots were then washed in 0.05% Tween-20 in PBS for
then rinsed three times in PBS, mounted in DAKO-15 minutes 3 1, incubated with a 1:2500 dilution of perox-
idase-labeled sheep antirabbit IgG in 5% nonfat milk glycergel containing 2.5% 1,4-diazabicyclo[2,2,2]octane
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as fading retardant, and studied by epifluorescence mi-
croscopy (Polyvar, Reichert-Jung, Austria).
Northern blot
Slices of kidney cortex were homogenized in guanid-
ium thiocyanate/Na citrate/b-mercaptoethanol/sarcosyl.
RNA was extracted with phenol/Na acetate/chloroform
and isopropanol precipitated at 12,000 3 g for 20 minutes
(Beckman J2-21M). Twenty micrograms of total RNA
were size fractionated by agarose-formaldehyde gel elec-
trophoresis and were transferred to nylon membranes.
Filters were prehybridized in 53 standard saline citrate
(SSC; 13 SSC is 0.15 mol/L NaCl and 0.015 mol/L sodium
citrate, pH 7.0), 53 Denhardt’s solution, 0.1 mg/mL
salmon sperm DNA, and 50% formamide for four hours
at 428C, hybridized in the same solution containing radio-
labeled probe at 428C overnight, washed in 23 SSC with
0.1% SDS at room temperature three times for 10 min-
utes and washed again in 0.23 SSC with 1% SDS for
30 minutes at 608C. Radiolabeled NaDC-1 probe was
synthesized from the full-length rabbit cDNA [9] by the
random hexamer method. Hybridization signals were
quantitated by densitometry and were normalized for
loading using an 18S rRNA oligonucleotide probe syn-
thesized as described [14].
Statistics
Results are expressed as mean 6 SE. Differences be-
tween groups were analyzed by either paired t-test or
analysis of variance for repeated measurements, as ap-
propriate.
RESULTS
Animal characteristics and urine citrate excretion
Experiments were well tolerated by all animals. Rats
administered NH4Cl in their drinking water developed
metabolic acidosis within one day, which gradually re-
solved over four days (Table 1). At 14 days, the plasma
bicarbonate of rats given NH4Cl was higher than that of
control rats (Table 1). Hypocitraturia was seen at all time
points in rats receiving NH4Cl, even after the metabolic
acidosis had resolved (2 days, 27.8 6 11.1% of control,
P , 0.001, N 5 7; 4 days, 37.8 6 20.7%, P , 0.05, N 5
6; 7 days, 11.0 6 6.1%, P , 0.001, N 5 6; 14 days, 12.2 6
3.0%, P , 0.001, N 5 6; Fig. 1).
Rats administered NaHCO3 in their food displayed no
change in plasma bicarbonate concentration, reflecting
the kidney’s ability to efficiently excrete alkali (Table 1).
The plasma K1 concentration was similar to control in
these animals [3.4 6 0.2 (alkali) vs. 3.3 6 0.2 mEq/L
(control), N 5 3]. Alkali-fed rats showed a large increase
in urinary citrate excretion as compared with control
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(1422 6 678%, P , 0.05, N 5 6; Fig. 1). These results
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increased NaDC-1 protein abundance, with mean in-
creases of 144 6 68% (P , 0.05) and 53 6 21% (P ,
0.05), respectively (Fig. 3). The greatest increases in
NaDC-1 protein abundance occurred at later time points
when there were no measurable changes in the blood
[HCO32] (Table 1). This corresponded to the greatest
magnitude of hypocitraturia (Fig. 1). Of the bands la-
beled on Western blot, only the 60 kD band was regu-
lated by acid feeding.
Localization of renal NaDC-1 expression and
acid regulation
Previous studies have shown that Na1-dependent ci-
trate absorption occurs in the proximal tubule [16]. If
NaDC-1 mediates this process, its expression should beFig. 1. Urinary citrate excretion in acid and alkali-fed rats. Twenty-
four–hour urinary citrate excretion is plotted as percentage of control. maximal in the proximal tubule. In rat renal cortex, label-
Animals were pair fed for the indicated times, and 24-hour urine collec- ing with NaDC-1 antiserum was localized in the brush
tions were performed on the final day. *P , 0.05 vs. control.
border of proximal tubules (Fig. 4). In rats fed a control
diet for 14 days, the immunostaining in the BBM of S1
segments (Fig. 4 A, C), beginning at the urinary pole
of glomeruli, was slightly weaker than in profiles of S2are similar to those reported previously by us and others
for acid and alkali-fed rats [7, 15]. segments. The latter are situated in the cortical labyrinth,
predominately in the superficial cortex closely beneath
Chronic metabolic acidosis increases NaDC-1 the renal capsule, and extend shortly into the medullary
protein abundance rays. Within the medullary rays, S2 transforms to S3
segments, where immunostaining for NaDC-1 is veryChronic metabolic acidosis has been demonstrated to
increase renal BBM Na1/citrate cotransporter activity weak. Only the terminal portion of the proximal tubule,
shortly before it transforms to the thin descending limb,[8]. To examine whether this increase in activity is due
to an increase in apical membrane NaDC-1 protein abun- reveals a stronger abundance of NaDC-1 than the re-
mainder of S3 (data not shown). When antiserum wasdance, cortical BBMs were harvested, and NaDC-1
abundance was assessed by Western blot. As shown in preincubated with antigen, no labeling was observed.
In rats fed an acid diet for 14 days, immunostainingFigure 2A (lane 1), NaDC-1 antiserum labeled five bands
in rat BBM (105, 76, 67, 60, and 46 kD). Studies in rabbit for NaDC-1 (Fig. 4 B, D) was up-regulated in all proxi-
mal tubule segments; however, the most striking up-BBM had previously identified NaDC-1 as a glycopro-
tein with apparent mobility of 60 kD [12]. To identify regulation was apparent in S2 segments. This was best
visible in overviews of the renal cortex demonstratingwhich of these bands corresponded to specific labeling
in rabbit BBM, two experiments were performed (Fig. 2). the specific distribution of S2 in the cortical labyrinth
and under the renal capsule. Dilution series of thePreincubating antiserum with antigen decreased the in-
tensity of the 76 kD band and abolished labeling of the anti–NaDC-1 antiserum corroborated the up-regulation
of NaDC-1 abundance in acid-fed rats. While in control67 and 60 kD bands (Fig. 2A, lane 2). Incubation of
BBM with PNGase F to deglycosylate proteins increased rats, incubated with an antibody dilution of 1:4000, im-
munostaining was only weakly detectable (Fig. 4A), inthe mobility of the 105 and 60 kD bands (Fig. 2B). From
these two results, we conclude that only the 60 kD band acid-fed rats, immunostaining in S2 segments was promi-
nent (Fig. 4B).is a glycoprotein in which labeling is specific, results
similar to those reported in rabbit BBM [12]. The 105
Chronic metabolic acidosis increases NaDC-1kD band likely represents a glycoprotein that is nonspe-
mRNA abundancecifically labeled by the antisera.
As shown in Figure 3, BBM NaDC-1 protein abun- By Northern blot, a single 2.4 kb NaDC-1 band was
labeled in total RNA from rat renal cortex. This is similardance progressively increased over time in rats given
NH4Cl in their drinking water. At two days, acid-treated to the size of the rat NaDC-1 mRNA identified by Sekine
et al [17]. As shown in Figure 5, NaDC-1 mRNA abun-animals demonstrated no change (218 6 12%, P 5 NS,
N 5 7), while at four days acid feeding caused an increase dance was increased in chronic metabolic acidosis, with
mean increases of 263 6 102% at 1 day (N 5 6, P ,in NaDC-1 protein abundance in four of six animals,
with a mean increase of 32 6 20% (P 5 NS, N 5 6). 0.05), 105 6 48% at 2 days (N 5 6, P , 0.05), 127 6
56% at 4 days (N 5 6, P , 0.05), 86 6 44% at 7 daysAt 7 days and 14 days, five of six pairs of animals showed
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Fig. 2. Anti–NaDC-1 antiserum specifically recognizes a 60 kD glycoprotein. In rat BBM, anti–NaDC-1 antiserum labeled bands of 105, 76, 67,
60, and 46 kD. (A) Blocking. Lane 1, unblocked. Lane 2, labeling blocked by preincubation of antiserum with antigen. Labeling of the 60 and
67 kD bands was completely blocked, while labeling of the 76 kD band was decreased. (B) Deglycosylation. Treatment of BBM with PNGase F
increased the mobility of the 105 and 60 kD bands, indicating that these bands represent glycoproteins.
(N 5 6, P 5 NS), and 93 6 47% at 14 days (N 5 6, P 5 mEq/L (N 5 3). As shown in Figure 7, acute metabolic
acidosis caused an increase in NaDC-1 mRNA at 3 andNS). The greatest increase in NaDC-1 mRNA abun-
dance occurred on day 1, when the change in blood 16 hours. While increases were also seen at two and six
hours, these did not achieve statistical significance. Even[HCO32] was greatest (Table 1). There was a significant
inverse correlation between the magnitude of the de- though blood [HCO32] returned to normal at 16 hours,
mRNA abundance was significantly increased. Thus,crease in blood [HCO32] and the magnitude of the in-
crease in NaDC-1 mRNA abundance in each experiment NaDC-1 mRNA abundance correlates with the magni-
tude of the acidosis, with some delay.(Fig. 6).
Acute metabolic acidosis increases NaDC-1 Chronic alkali feeding has no effect on NaDC-1
protein or mRNA abundancemRNA abundance
Because the increase in NaDC-1 mRNA abundance Chronic alkali feeding causes marked hypercitraturia,
but has no effect on BBM Na1/citrate cotransporter ac-was greatest at one day, we next examined earlier time
points. Rats were made acutely acidotic by NH4Cl ga- tivity [8]. As shown in Figure 3, rats fed alkali for seven
days demonstrated no change in NaDC-1 protein abun-vage. This maneuver caused blood [HCO32] to decrease
to 13.5 6 0.7 mEq/L at one hour, 13.5 6 2.4 mEq/L at dance (211 6 16%, N 5 6, P 5 NS). Similarly, there was
no change in NaDC-1 mRNA abundance in rats fed al-two hours, and 11.8 6 1.1 mEq/L at three hours (N 5
3). By 16 hours, blood [HCO32] recovered to 22.6 6 0.4 kali for seven days (29% 6 25%, N 5 6, P 5 NS; Fig. 5).
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these rat cDNAs appear to also encode the apical mem-
brane Na1/dicarboxylate transporter and to represent
the rat homologue of NaDC-1. The amino acid sequences
encoded by these rat cDNAs were 98% identical to each
other and were 73 to 77% identical to rabbit and human
NaDC-1. More recently, Chen et al have cloned a second
Na1/dicarboxylate cotransporter, with functional charac-
teristics of the basolateral membrane transporter [20].
Antibodies generated against a rabbit NaDC-1 fusion
protein labeled a 60 kD glycoprotein in rabbit BBM [12].
Using these antibodies, we found specific labeling of a
60 kD glycoprotein in rat BBM. By immunohistochemis-
try in rat renal cortex, we found that NaDC-1 is expressed
on the apical membrane of the S1, S2, and S3 segments
of the proximal tubule, consistent with the hypothesis
that NaDC-1 is the proximal tubule apical membrane
Na1/citrate cotransporter. Labeling was greatest in S2
and was least intense in S3. By immunohistochemistry
using polyclonal antiserum against a 14 amino acid pep-
tide from the C-terminus, Sekine et al localized protein
expression to the apical membrane of the proximal tu-
bule S2 and S3 segments [17]. The small difference in
localization between our results and those of Sekine et
al (expression in S1) may be due to differences in meth-
odology, particularly the fixation procedure. Our method
of perfusion fixation via the abdominal aorta provides
the most rapid fixation and preserves structure at the
time of fixation. It has been our experience that mainte-
nance of open tubular lumens can affect antigenicity.
The specificity of our results is confirmed by the fact
that when antiserum was preincubated with antigen, no
staining was observed. By in situ hybridization, Chen et
al localized expression to the S3 proximal tubule segment
Fig. 3. Acid administration increases the abundance of NaDC-1 pro- [19]. The lack of expression in S1 and S2 may reflect
tein at 7 and 14 days, while alkali feeding does not affect NaDC-1
differences in mRNA and protein expression or mayprotein abundance. Western blotting was performed on BBM proteins
from acid or alkali administered rats and, compared with control, pair- again relate to technical differences. Based on the results
fed rats. (A) Typical blots. C, control; A, acid fed; AL, alkali fed. (B) of Brennan, Klahr, and Hamm showing that the majority
Summary of results. *P , 0.05.
of citrate transport occurs in the proximal convoluted
tubule, the apical membrane Na1/dicarboxylate cotrans-
porter must be expressed strongly in the S1 or S2 seg-
DISCUSSION ments [16].
Apical membrane Na1/citrate cotransporter activityCitrate is freely filtered in the glomerulus and is reab-
is increased in chronic metabolic acidosis. The presentsorbed in the proximal tubule by an apical membrane
studies demonstrate that acid ingestion induces an in-Na1/dicarboxylate cotransporter that also transports
crease in NaDC-1 mRNA abundance. This increase issuccinate. Pajor screened a rabbit cDNA library for Na1-
greatest on day 1, when the decrease in blood [HCO32] isdependent succinate (citrate) cotransport and cloned
greatest. This suggests that the changes in blood [HCO32]NaDC-1 [9]. When expressed in Xenopus oocytes,
and pH may signal the increase in NaDC-1 mRNA ex-NaDC-1 demonstrates many characteristics of the proxi-
pression. This point is more convincingly made by themal tubule apical membrane Na1/citrate transporter, in-
observation that the increase in NaDC-1 mRNA in eachcluding substrate specificity and pH sensitivity. Subse-
experiment correlates significantly with the decrease inquently, a human NaDC-1 cDNA was cloned based on
blood [HCO32] for that experiment (Fig. 6). When acutehomology to rabbit NaDC-1 [18].
studies were performed, a short delay in increasing andSekine et al and Chen et al recently cloned rat cDNAs
decreasing NaDC-1 mRNA abundance was found. Thus,based on homology to rabbit NaDC-1 [17, 19]. Based
on their functional characterization in Xenopus oocytes, NaDC-1 is one of a group of mRNAs whose abundance
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Fig. 4. Localization of NaDC-1 in cryostat sections of rat renal cortex: Effect of acid. Sections were labeled with anti-NaDC-1 rabbit-antiserum
(diluted in A and B 1:4000, in C and D 1:500) and FITC-conjugated goat-antirabbit immunoglobulins. (A and C) Rats fed control diet for 14 days.
(B and D) Rats fed acid diet for 14 days. NaDC-1 is localized in the brush border of proximal tubules [S1 11(1); S2 111; S3 1]. In acid-fed
rats, protein abundance is up-regulated most prominently in S2 segments, which are situated in the cortical labyrinth beneath the renal capsule
and in the upper portions of the medullary rays. This distribution is most apparent in overviews of the cortex (A and B). Abbreviations are: C,
cortex; OS, outer stripe; G, glomerulus; S1 and S2, segments 1 and 2, respectively, of proximal tubules. S1 begins at the urinary pole. Bars: A and
B, approximately 500 mm; C and D, approximately 50 mm.
increases in metabolic acidosis, including glutaminase, with time. In fact, the greatest increases in NaDC-1 pro-
tein abundance occurred at times when there were noglutamate dehydrogenase, PEPCK, c-fos, c-jun, junB,
and egr-1 [10, 21–23]. measurable decreases in blood [HCO32]. We have pre-
viously made a similar observation with respect toAcid administration also increased apical membrane
NaDC-1 protein abundance. However, in the case of NHE3, the proximal tubule apical membrane Na/H anti-
porter [24]. The abundance of apical membrane NHE3protein abundance, the magnitude of the effect increased
with time. This occurred in spite of the fact that the increased with time over 14 days of acid feeding, even
though the decrease in serum [HCO32] lasted only a fewmagnitude of the change in blood [HCO32] decreased
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Fig. 6. The magnitude of the increase in NaDC-1 mRNA abundance
correlates with the decrease in blood [HCO32] in metabolic acidosis.
The percentage increase in mRNA abundance is plotted for each
individual experiment as a function of the change in serum bicarbonate
concentration. Symbols are: (d) 1 day; (s) 2 days; (.) 4 days; (,) 7
days; (j) 14 days.
days. The signals for the continued increases in apical
NaDC-1 and NHE3 protein are not clear. It is possible
that there are small changes in blood pH that we are
unable to measure. Alternatively, it is possible that there
is a transient metabolic acidosis that occurs each day
immediately following the ingestion of acid, but that is
corrected quickly because of adaptations such as those
in NaDC-1 and NHE3 activities. Finally, it is possible
that there is a sensor in the intestine or liver that mea-
sures the acidity of the diet.
The dissociation between the time courses for the in-
creases in mRNA and BBM protein abundances suggests
a mechanism for increased apical membrane NaDC-1
that is independent of increased mRNA abundance. One
possibility is that acid feeding directly regulates NaDC-1
protein synthesis or protein stability. Alternatively, since
we only measured BBM NaDC-1 protein abundance, it is
possible that there is no change in total NaDC-1 protein
abundance, but rather a redistribution of NaDC-1 to the
apical membrane.
In contrast to acid feeding, alkali feeding caused no
change in NaDC-1 mRNA or protein abundance. These
findings are consistent with results demonstrating that
BBM Na1-dependent citrate transporter activity is in-
creased in acid-fed rats and unchanged in alkali-fed rats,
despite dramatic changes in urinary citrate excretion [8].
Fig. 5. Chronic acid administration increases NaDC-1 mRNA abun- The agreement between regulation of Na1-dependent
dance, while alkali feeding is without effect. Northern blotting was citrate transport and BBM NaDC-1 abundance providesperformed on renal cortex from acid- or alkali-administered rats, and
further support for the thesis that NaDC-1 encodes thecompared with control, pair-fed rats. (A) Typical blots. C, control; A,
acid fed; AL, alkali fed. (B) Summary of results. *P , 0.05. apical membrane Na1/citrate cotransporter.
In addition to regulation of apical membrane trans-
port, citrate absorption from the luminal fluid is also
regulated at the level of citrate metabolism within the
Aruga et al: Acidosis activates NaDC-1214
Fig. 7. Acute acidosis increases NaDC-1
mRNA abundance. Northern blotting was
performed on renal cortical RNA from con-
trol or acidotic rats. (A) Typical blots. C, con-
trol; A, acid gavaged. (B) Summary of results
(*P , 0.05; N 5 3).
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